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NDC1From the surrounding shell to the inner machinery, nuclear proteins provide the functional plasticity of the nu-
cleus. This study highlights the nuclear association of Pore membrane (POM) protein NDC1 and Werner protein
(WRN), a RecQ helicase responsible for the DNA instability progeria disorder, Werner Syndrome. In our previous
publication, we connected theDNA damage sensorWerner's Helicase Interacting Protein (WHIP), a binding part-
ner of WRN, to the NPC. Here, we conﬁrm the association of the WRN/WHIP complex and NDC1. In established
WRN/WHIP knockout cell lines, we further demonstrate the interdependence of WRN/WHIP and Nucleoporins
(Nups). These changes do not completely abrogate the barrier of the Nuclear Envelope (NE) but do affect the dis-
tribution of FGNups and the RAN gradient, which are necessary for nuclear transport. Evidence fromWRN/WHIP
knockout cell lines demonstrates changes in the processing and nucleolar localization of lamin B1. The appear-
ance of “RAN holes” void of RAN corresponds to regions within the nucleolus ﬁlled with condensed pools of
lamin B1. FromWRN/WHIP knockout cell line extracts, we found three forms of lamin B1 that correspond toma-
ture holoprotein and two potential post-translationally modiﬁed forms of the protein. Upon treatment with
topoisomerase inhibitors lamin B1 cleavage occurs only in WRN/WHIP knockout cells. Our data suggest the
link of the NDC1 and WRN as one facet of the network between the nuclear periphery and genome stability.
Loss of WRN complex leads to multiple alterations at the NPC and the nucleolus.
© 2013 Published by Elsevier B.V.1. Introduction
The main roles of the Nuclear Envelope (NE) are shielding the ge-
nome from cytoplasmic elements and mediating nucleocytoplasmic
transport through their embedded transporting Nuclear Pore Com-
plexes (NPCs). The NE may inﬂuence organization of the genome lead-
ing to regulation of gene expression [1,2]. Underlying the NE, the
nuclear lamina provides the support for shape, size and linkage of the
nucleoskeleton. Lamina is essential for the structural integrity of the
NE and normal nuclear functioning [3,4]. Laminopathy based progeria
disorders are associatedwith loss of NE lamin [5] and loss of the nuclear
lamina or expression of a dominant negative mutant form of lamin,
progerin, affects structure, DNA replication [6], attachment points and
nuclear transport [2,7]. NPCs are ﬁxed in the NE by Pore membrane
(POM) proteins [8–10]. POM proteins are positioned at the curvatureserner protein;WHIP,Werner's
ear Envelope;NPC,Nuclear Pore
, immunoprecipitation; Etop,
logy, 507 River St., Hoboken, NJ
0.
vier B.V.of the inner nuclear membrane and outer nuclear membrane to secure
and orient the NPCs through interactions with Nucleoporins (Nups)
[11,12]. POM proteins NDC1, POM121 and gp210 are committed to
the POM region as demonstrated by high heparin treatments of puriﬁed
NE, which selectively remove only Nups [13]. POM proteins have yet to
be implicated in any progeria disorders.
Increasing evidence indicates that the NPC plays a role in cellular
DNA repair [14–17]. Loss of several NPC components results in DNA
damage accumulation and hypersensitivity of cells to DNA damaging
agents [18–20]. In addition, double strand breaks (DSBs), a dangerous
type of DNA damage that can often lead to mutations due to inaccurate
repair mechanisms, appear to be repaired speciﬁcally, although not ex-
clusively, at the NPC. It is therefore considered that the NPC acts as a re-
pair center at the nuclear periphery, recruiting broken DNA together
with repair factors and activating a unique local restoration process.
Our discovery of the DNA damage sensor Werner's Helicase Interacting
Protein (WHIP/WRNIP), a binding partner of Werner protein (WRN) at
the NE and its association with the NPC (speciﬁcally, nuclear pore
Nup107 subcomplex), denotes possible connections of DNA repair pro-
teins to the NE/NPC [21,22]. DNA damage repair proteins like WRN, a
RecQ helicase responsible for a DNA instability form of progeria,Werner
Syndrome, play a crucial role in the response to replication stress and
signiﬁcantly contribute to the recovery of stalled replication forks
[23,24]. WRN has multiple DNA-dependent enzymatic activities,
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unique in the RecQ family. The protein is regarded as a “caretaker of
the genome” as it is required to prevent telomere dysfunction and
genome instability. Loss of WRN causes hypersensitivity to reagents
interfering with replication, and instability of chromosomes at regions
where replication fork stalling happens with greater frequency. It may
be that key forms of certain repair factors, such asWRN, are speciﬁcally
enriched at NPCs and the POM region where they act as a solid support
to DNA repair or replication fork rescue at the NE [21].
Our investigations started with the assessment of POM protein
NDC1 binding partners. We found an intriguing association of NDC1
and WRN DNA repair complex proteins. These ﬁndings are consistent
with a linkage of the nuclear periphery and genome stability. Our data
show the interdependence betweenWRN DNA damage repair proteins
and the NPC. This linkage affects the processing and distribution of
lamin B1, possibly leading to changes in nuclear transport.
2. Materials and methods
2.1. Immunoprecipitation and cell-cycle synchronization
Immunoprecipitation (IP) was performed as previously described
[25] with some modiﬁcations namely the addition of phosphatase in-
hibitors (50 nM calyculin A, 25 mMsodium ﬂuoride, phosphatase cock-
tail inhibitor I & II from Sigma) in the buffer and protein A-Sepharose
pre-clear step of lysate [21,26]. Optimal lysis buffer contained 1% Triton
X-100, 0.5% octylglucoside in 20 mM Tris–HCl pH 7.5, 150 mM KCl,
0.2 mM MgCl2, 1 mM DTT, 20 mM NaF plus protease inhibitors and
phosphatase inhibitors. After the ﬁnal wash, the protein A-Sepharose
pellet was suspended in 1× SDS-sample buffer, products were resolved
by SDS-PAGE using either a 6% or a 4–20% Tris–glycine gel (Novex,
Invitrogen, Carlsbad, CA) for MS/MS analysis compared to IgG-Fc con-
trols (rabbit Fc from Jackson ImmunoResearch) [26]. HeLa cells were
synchronized using a double thymidine block [26]. Progression through
the cell cycle was monitored by immunoblotting using anti-phospho-
HistoneH3 (Ser10) antibodies (Upstate Biotechnology, Lake Placid, NY)
as a mitotic marker [26].
2.2. DT40 chicken lymphocytes
DT40 chicken B cell lines, wild type (WT), WRN−/− (Werner
Helicase gene knockout), WRNIP1−/−/− (Werner Helicase Interacting
Protein 1 gene knockout), and WHIP−/−/− WRN−/− (WRN, WHIP1
double knockout) from Dr. Masayaki Seki of Tohoku University in
Japan [27,28] were maintained at 39 °C, 5% CO2 in 6-well polystyrene
plates. Growth medium consisted of RPMI medium 1640 (Gibco)
with 10% fetal bovine serum, 1% chicken serum, and 1× antibiotic-
antimycotic (Gibco, 100×). The cell lines were subcultured every 48 h.
2.3. DNA damaging agents
Topoisomerase II inhibitor Etoposide (Etop orVP-16), topoisomerase I
inhibitor Camptothecin (CPT) and ribonucleotide reductase inhibitor
Hydroxyurea (HU) were purchased from Sigma. All treatments were
performed at established concentration and time periods to induce
DNA fragmentation as in previously published work [27–35].
2.4. Antibodies
Reactive afﬁnity puriﬁed rabbit polyclonal antibodies against human
Nup107, Sec13, Nup358, Nup43, Nup93, Nup54, WHIP, NDC1, POM121
and gp210 were prepared as described [21,26] (Colcalico Biologicals,
Reamtown, PA) and used for Western blot analysis. Antibodies against
ELYS (rAb, A300-166A) were purchased from Bethyl Laboratories
(Montgomery, TX), while antibodies against Lamina-associated polypep-
tide 2 (Lap2β) and MAb 414 were purchased from AbCam (MAb2738,Cambridge,MA) andConvance (MMS-120P, Emeryville, CA) respectively.
MAb 414 antibodies speciﬁcally target FG-Nups by recognizing their
repeating FG units [36,37]. Reactive lamin B1 antibody whose epitope
maps to the C-terminus of human lamin B1 (gAb, SC-6216) [38] and
lamin A/C (rAb, SC-20681) were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Antibodies against WRN (MAb, W0393), tubulin
(MAb, T-4026) and actin (rAb, A2103) were purchased from Sigma
(St. Louis, MO).
2.5. Immunoblotting and immunoﬂuorescence microscopy
Preparation of cell extract and normalization of protein levels. Cells
were washed with PBS and pelleted. Pellets were suspended in RIPA
buffer containing protease inhibitor cocktail from Sigma and 25 mM
NaF as phosphatase inhibitor and then sonicated. The solution was soni-
cated twice for 10 s each time in ice, and then heated at 65 °C for 10 min.
This denatured product was centrifuged at 13,000 g at 4 °C for 15 min.
Supernatant was transferred to a new tube (pellet was discarded). To
ensure proper normalization, a combination of cell counting and protein
concentration estimates by using Bio Rad protein assay were used. Cell
extracts were suspended in protein sample loading buffer and heated
again at 65 °C for 10 min.
Proteins were separated by SDS/PAGE using Tris-glycine gels
(Novex, Invitrogen), and transferred overnight onto nitrocellulose
membranes. Speciﬁc proteins were detected by immunoblotting with
indicated primary antibodies and peroxidase-conjugated secondary an-
tibodies by using an enhanced chemiluminescence kit (Pierce). The
Westerns were scanned in a ﬂatbed scanner in grayscale at a resolution
of 1200 dpi, and the bands were quantiﬁed using ImageJ 1.46 in three
biological replicates [39]. For immunoﬂuorescence staining, DT40 cells
grown on cover slips were washed twice with PBS, ﬁxed in 2% (v/v)
formaldehyde/PBS for 30 min at room temperature, and permeabilized
with 0.2% Triton X-100/PBS for 5 min. Fixed cells were blocked with
2% BSA/PBS for 1 h, followed by incubation with speciﬁc primary anti-
bodies in 1% BSA/PBS for 1 h. After ﬁve washes with PBS the cells
were incubated with Alexa Fluor 488- or Alexa Fluor 594-conjugated
secondary antibodies (Invitrogen) in 1% BSA/PBS for 45 min. Cells
were washedwith PBS andmounted onto slides using ProLong antifade
reagent with the nuclear stain DAPI (Invitrogen). Samples were ana-
lyzed using a Zeiss LSM 5 Pa confocal microscope.
3. Results
3.1. NDC1 associated DNA damage repair proteins
The nucleus is the origin of the cell's central processes and though
highly compartmentalized, many nuclear activities are connected. To
begin to characterize POM protein NDC1 interactions, we ﬁrst devel-
oped speciﬁc NDC1 antibodies. NDC1 has an exposed small N-terminal
region (nearly 25 residues) followed by six transmembrane regions
within residues 25 to 293, which traverse the POM and are connected
by alternating lumenal and POM loops followed by a large C-terminal
POM domain from residue 294 to 674 [12,40]. In our investigations,
we targeted against the C-terminal amino acids 657–674 of NDC and a
reactive band corresponding to NDC1 was found after our afﬁnity puri-
ﬁcation procedure.We proceeded to perform immunoprecipitation (IP)
experiments under several conditions to optimize the assay with the
afﬁnity puriﬁed α-NDC1 in both G1 and mitotic HeLa cells [21,26]
followed by identiﬁcation by mass spectrometry analysis. We con-
ﬁrmed speciﬁcity by ﬁrst identifying ID# Q9BTX1, NDC1_HUMAN
(UniProtKB) with 22% and 48% protein coverage from G1 and mitotic
isolations which was not found in IgG-Fc controls. Not surprisingly,
after analysis based on ratio of detection and present after Fc back-
ground subtractions (seeMaterials andmethods), several Nucleoporins
(Nups) (Nups: 93, 35, 155, 205, 188, 107, 160, 210, 358, ELYS and lamin
B1) were identiﬁed in our IPs (STRING 9.0 — Known and predicted
Fig. 1. NDC1 Associated DNA damage repair proteins. Panel A. MS/MS protein identiﬁcation
of WHIP and WRN from IP with α-NDC1 (Protein ID UniProtKB and number of peptides).
Panels B and C. IPs with α-NDC1 (Panel B) and α-WRN (Panel C), Lane 1 = Control Fc,
Lane 2 = from G1 Cells and Lane 3 = frommitotic cells.
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identiﬁed two DNA-damage repair proteins WRN and WHIP (Fig. 1A).
Each identiﬁed protein was from at least 6 to 12 peptide matches (#
of peptides listed). This corresponds with our discovery of the DNA
damage sensor Werner's Helicase Interacting Protein (WHIP/WRNIP) at
theNE and its interactionwith theNup107-160 nuclear pore subcomplex
[21,22]. These proteins may begin to form a WRN complex involved
in the maintenance of genomic integrity [24,46]. Fig. 1B conﬁrmed the
identiﬁcation of WRN in NDC1 IP byWestern blot withα-WRN antibod-
ies at both G1 andmitosis. Additionally,we have successfully performed a
reciprocal IP under the same conditions with α-WRN leading to a pull
down NDC1 (Fig. 1C). In our endogenous IPs, levels of NDC1 are not
induced and remain at physiologic levels. Our experimental approach
eliminates effects of overexpression and tagging of bait, which could
lead to false interactions due to amounts and mislocalization [21,26].
3.2. DNA damage repair response in DT40 knockout cells after drug
treatment
Based on our data, we requested and received reverse geneticWRN/
WHIP knockout DT40 chicken cell lines (WRN−/−, WHIP−/−/− and
double knockout WHIP−/−/− WRN−/−) from Dr. Masayaki Seki of
Tohoku University in Japan [27,28]; these cell lines display a decreased
capacity for DNA damage repair [27–30] due to the complete knockout
of these key proteins as conﬁrmed in Figs. 2A and S1. By using DT40
system, we ensure the continuous phenotype of impaired DNA repair
because of the lack of any protein expression of the knockout protein
as compared to conventional siRNA approaches (Fig. S1). A 6-h treat-
ment ofwild-type and knockout cells with the topoisomerase I inhibitor
Camptothecin (CPT at 10 nMover 6 h) yields a speciﬁc increase in H2A.XFig. 2. Panel A. DNA damage repair response in DT40 knockout cells after drug treatment. Reac
ment (2nd from top panel), control w/o drug treatment (middle panel) andα-tubulin andα-ac
Nup levels in DT40 knockout cells. Panel B. Antibody reactions against normalized cell extract
Nups. Reactionswithα-MAb414 are shown in panels for Nup358 Nup214, Nup153 and Nup62,
are reactions with α-tubulin and α-actin antibodies to show equal amounts of cell extracts wedetection inWRN−/− and double knockout cells in our normalized sam-
ples (Fig. 2A**, top panel) [27–29,41,47]. Applying a 6-h treatment with
the ribonucleotide reductase inhibitor Hydroxyurea (HU at 2 mM) yields
a speciﬁc increase inWHIP−/−/− cells (Fig. 2A*, middle panel). These ini-
tial results display the efﬁcacy of drug treatment to explore and increased
DNA instability of these knockout cell lines. These results distinguish the
roles WRN and WHIP and lead to examination of Nup levels in 3.3.3.3. Analysis of Nup levels in DT40 knockout cells
In our investigation into the connection between the NPC/NE and
WRN, we ﬁrst assessed the expression levels of Nups and POM proteins
by normalized Westerns (Figs. 2B and S2) after initial testing of our
panel of human Nup antibodies for chicken Nup cross reactivity. Our re-
sults show a decrease in NDC1 from wild type to double knockout
(WHIP−/−/−WRN−/−) in cell extract (Figs. 2B* and S2). The complete
knockout of these components implies a linkage to NDC1. Fig. 3A
shows NDC1 nuclear rim staining in wild type DT40 cells and depleted
staining in double knockout WHIP−/−/− WRN−/− cells. Additionally,
the increase of POM121 across these cell linesmay display a compensat-
ing effect within the POM region (Figs. 2B** and S2). Fig. 3B shows in-
creased POM121 in double knockout WHIP−/−/− WRN−/− from wild
type but with greater dispersion into the ER. Interestingly, scaffold
protein Nup93 is decreased in the double knockout cell line (Figs. 2B***
and S2) and has been shown as an NDC1 interacting partner in our data
and other studies [41–45]. Sec13, a member of the Nup107-160
subcomplex, remains at similar levels across the cell lines. Another ﬁnd-
ing of note is an increase in ELYS levels (Figs. 2B****, top panel and S2),
which is not only required for the assembly of a functional NPC as nuclei
form at the end of mitosis, but also implicated as required for genome
stability in mouse intestinal epithelial progenitor cells [48–51] This up-
regulation is frequently associated with a compensation action of a pro-
tein to ensure proper cell function, which, in this casemay, reﬂect a mi-
totic genome stability role related to the NPC. FG Nups (Nup54, Nup62,
Nup153, and Nup214) (Figs. 2C and S2) have varying levels with a gen-
eral trend toward a decrease in the double knockout cell line. Intrigu-
ingly, we observe a dramatic increase in Nup358 (E3 SUMO-protein
ligase RanBP2), which is present in our NDC1 immunoprecipitations
(Figs. 2C****, top panel and S2). Nup358 or E3 SUMO-protein ligase
facilitates SUMO1 and SUMO2 conjugation by UBE2I. Also Nup358
involved in transport factor (Ran-GTP, karyopherin)-mediated protein
import through FG repeats which act as a docking site for substrates.
Immunoﬂuorescences of double knockout (WHIP−/−/− WRN−/−)
cells with MAb 414, a classic nuclear rim stainer (Fig. 3), demonstrate
a dispersed rim staining and clustering of FG proteins.tions with α-H2A.X (Ser139) to detect DNA damage, CPT treatment (top panel), HU treat-
tin antibodies (bottom two panels, equal amounts of cell extracts were loaded). Analysis of
are shown for α-ELYS, α-Nup93, α-Pom121, α-NDC1 and α-Sec13 antibodies. Panel C. FG
and also reactions foundwith speciﬁc antibodies against Nup54. Bottompanels for A and B
re loaded.
Fig. 3. Panel A. Immunoﬂuorescence microscopy analysis of NDC1. InWT andWRN/WHIP−/− DT40 cells, double-labeledwithα-NDC1 antibodies andMAb 414, were analyzed by immu-
noﬂuorescencemicroscopy. Nuclei stainwith DAPI (panels a and e).WTdisplayed nuclear rim stainingwith bothα-NDC1 andMAb antibodies (panels b and c).WRN/WHIP−/−DT40 cells
displayed very little NDC1 protein and protein clumps for NE rim staining with MAb 414 (panels f and g). Merged images (panels d and h) showwith DAPI-stained DNA. Panel B. Immu-
noﬂuorescenceMicroscopy analysis of POM121. InWT andWRN/WHIP−/−DT40 cells, double-labeledwith POM121 antibodies andMAb 414, were analyzed by immunoﬂuorescencemi-
croscopy. Nuclei stain with DAPI (panels a and e). WT displayed nuclear rim staining with both POM121 and MAb antibodies (panels b and c). POM121 also displays some intranuclear
stainingWRN/WHIP−/−DT40 cells displayed a cytoplasmic dispersion for POM121 and protein clumping at the NEwithMAb 414 (panels f and g). Merged images (panels d and h) show
with DAPI-stained DNA.
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Our studies and others have shown lamin B1 to interact with NDC1
and WRN [46]. In Fig. 4, we assessed the expression levels of lamin B1
by normalized Westerns. We found a single band at 76 kDa of mature
lamin B1 in wild type DT40 cells. In each knockout DT40 (WRN−/−,
WHIP−/−/−, and double knockout WHIP−/−/− WRN−/−), we observe
a change in lamin B1. Three separate bands are observed at 76, 116,
and 150 kDa corresponding to mature holoprotein and two potential
post-translationally modiﬁed forms of the protein as observed in
humans [33–35]. Levels of Lamin A/C (single band in chicken) and
Lap2B remain constant across the panel of cells (Fig. 4, middle panels)
[31,32]. Examination of lamin B1 cell distribution by immunoﬂuores-
cence shows a disbanded pattern in wild type (Fig. 5). Across WRN/
WHIP knockout cell lines (WRN−/−, WHIP−/−/− and double knockout
WHIP−/−/− WRN−/−) lamin B1 detections are concentrated in the
nucleolar regions of the nuclei (Fig. 5). Lamin B1 is usually attached to
the inner nuclear membrane helping to orient and reinforce the NEand the neighboring cytoskeleton but not in these knockout cell lines.
But also lamin B1 is believed to help maintain the functional plasticity
of nucleoli [15,52–54]. In Fig. 6A, Lap2β (lamina-associated polypeptide
2, INM protein) detection by immunoﬂuorescence demonstrates intact
NE rim staining through all cell lines. Yet, the interaction of Lap2β and
lamin B1 is well established [55]. Also, we checked for intact nuclear
transport by distribution of the RAN gradient in these cells with limited
background and observed decreased distribution of RAN within select
nucleolar regions in knockout cell lines in the form of “RAN holes”
(Fig. 6B) [56–58]. These cell lines exhibit a concentration of lamin B1
within RAN holes (Fig. 7A). The appearance of holes void of RAN ﬁlled
condensed pools of lamin B1may reﬂect changes in the functional plas-
ticity of the cell's nucleolus. There is a need for macromolecular trafﬁck-
ing thatmust occur within the nucleus. One function for RANwithin the
nucleus could be to regulate intra-nuclear transport events but this has
yet to be proven [59].
To demonstrate regulation of these forms of lamin B1,we treated the
cells with the topoisomerase II inhibitor Etoposide (Etop or VP-16 at
Fig. 4.Western blot analysis of lamin B1 from cell extract from DT40 knockout cells. Anti-
body reactions against normalized cell extract are shown forα-lamin B1,α-laminA/C and
α-Lap2β. Bottom panel are reactions with α-actin antibodies to show equal amounts of
cell extracts were loaded.
Fig. 5. Immunoﬂuorescencemicroscopy of lamin B1. InWT and all three-knockout DT40 cell line
(green) (panels: b, f, j, and n) and MAb 414 antibodies (red) (panels: c, g, k, and o), were analy
with DAPI-stained DNA.
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treated individual normalized Westerns from knockout DT cells. The
150 kDa lamin B1 recedes after drug treatment and an amassing of
the 116 kDa lamin B1 is observed in each knockout cell line while the
lamin B1 holoprotein band expected at approximately 76 kDa is found
at 66 kDa after Etop treatment (Fig. 7B) [33–35]. Correspondingly,
WHIP−/−/− and double knockout WHIP−/−/− WRN−/− DT40 cells
show a decreased DNA damage response by H2A.X levels with Etop
treatment. A 6-h treatment of knockout cells with the topoisomerase I
inhibitor CPT (CPT at 10 nM over 6 h) yields the same results (Fig. 7C)
while HU treatments do not induce any change in lamin B1 (HU at
2 mM over 6 h) (Fig. 7C). Both topoisomerase targeting agents affect
the pattern of lamin B1 distribution and induce the cleavage pool of
the protein at 66 kDa [60]. This type of cleavage is seen in human cells
associated with DNA fragmentation leading to eventual apoptosis [61].4. Discussion
POM proteins, including NDC1, are stable ﬁxtures in the structure of
the NPC [13]. These proteins provide anchoring and orientation for
functional NPCs. Reduction in their levels results in reduced nuclear
transport [11,12,40,62,63]. Our study both conﬁrms interaction and
leads to new discoveries of binding partners of NDC1, which are founds, nuclei stainwith DAPI (blue) (panels: a, e, i andm) and double-labeledwithα-lamin B1
zed by immunoﬂuorescence microscopy. Merged images (panels: d, h, l and p) are shown
Fig. 6. Panel A. Immunoﬂuorescencemicroscopy of Lap2β. In all three-knockout DT40 cell lines, nuclei stainwith DAPI (panels: a, d, g and j) and labeledwithα-Lap2β (red) (panels: b, e, h
and k) antibodieswere analyzed by immunoﬂuorescencemicroscopy. Merged images (panels: c, f, i and l) are shownwith DAPI-stained DNA. Panel B. Immunoﬂuorescencemicroscopy of
RAN. All three-knockout DT40 cell lines, nuclei stain with DAPI (a, d, g and j) and labeled with α-RAN (red) (panels: b, e, h and k) antibodies were analyzed by immunoﬂuorescence mi-
croscopy. Merged images (panels: c, f, i and l) are shown with DAPI-stained DNA.
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several pathways as a result of this association. Effects are observed at
the NPC and nucleolus, leading to changes, we believe, in DNA damage
repair, nuclear transport, nucleolar distribution and lamina processing.
Ourﬁndings showan increase from interphase tomitotic isolation in
both NDC1 and WRN reciprocal immunoprecipitations. Consequently
the association is unbroken throughout the cell cycle. Our data supportFig. 7. Panel A. Co-localization of lamin B1 and RAN holes. In all three knockout DT40 cell line
(panels: b, f, and j) antibodies and α-RAN (red) (panels: c, g, and k) antibodies were analyz
with DAPI-stained DNA. PanelsB &C. Western blot analysis of lamin B1 after exposure to DNA
Panel C. Treatments with HU (2 mM for 6-h) and topoisomerase I inhibitor CPT (10 nM for 6 hthe possibilities of DNA repair centers near the NE and maintenance of
the association through mitosis to conceivably aid in re-assembly
[16,19,20,68,69]. We can envision repair centers at NE/NPC recruiting
collapsed replication forks and/or broken DNA together with repair
factors for NE/NPC localized repair activity [16]. WRN/WHIP may be
building blocks at the NPC [21] and their maintained association through
mitosis may emphasize the importance of preserving the complex for re-s, nuclei stain with DAPI (panels: a, e, and i) and double labeled with α-lamin B1 (green)
ed by immunoﬂuorescence microscopy. Merged images (panels: d, h, and l) are shown
damage agents. Panel B. Treatment with topoisomerase II inhibitor Etop (10 μM for 6 h).
).
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further clariﬁes this association; reduced NDC1 may further reduce
the response at NE repair centers. Increased POM121 most likely is a re-
sponse to maintain the integrity of the NPC, as we observed no interac-
tion between POM121 and WRN/WHIP (data not shown). It is not
unprecedented that related proteins may compensate for each other to
maintain a functional unit. Yet this highly cytoplasmically dispersed
distribution of POM121 (Fig. 3B) in knockout cells is unlikely to beneﬁt
NPC function.
While scaffold Nup and ELYS interactions were identiﬁed in our
NDC1 immunoprecipitations only one FG Nup, Nup358, was observed.
Nup358 (E3 SUMO-protein ligase RanBP2) is a cytoplasmic FG Nup
acting as SUMO ligase and transport protein (Table S1). In double
knockouts we observed an increase in Nup358, perhaps related to the
changes in NE, and increase in ELYS, which may reﬂect inner nuclear
effects at the chromatin level (Figs. 2B–C). Throughout knockout cells,
all FG transport Nups are clumped and abnormally distributed at the
NE (Figs. 3 and 5), yet Lap2β gives consistent nuclear rim staining. FG
alterations at the NPC and NE may result in changes in transport and
barrier of the NPC. Indeed the RAN gradient was found to differ in the
knockout cell lines, but most surprising is the appearance of “RAN
holes” that corresponded to regions of the nucleolus. WRN/WHIP
appears throughout the nucleoplasm, but only WRN has been charac-
terized as a nucleolar component [70]. These “RAN holes” have been
observed during mouse oocyte development [32] and were found to
contain a condensed pool of lamin B1, which is expressed through all
stages of development and is an essential protein (Fig. 7A) [33]. Lamins
range from pore to pore, giving rigidity and a locus for protein attach-
ment. To a much lesser extent, a portion of lamins function internally
[3,4,52]. The internal lamins may provide structure and organization
to the genome [4,52,53,71]. Early nucleolar organization studies have
established the linkage of lamin B1 to functional plasticity of the nucle-
olus with changes in the expression of lamin B1 leading to structural
transitions [53]. We found the holes to correspond to dense lamin B1
sections of the nucleolus and could be related to functional plasticity.
It is known, for instance, that CRM1 needs RAN-GTP in the transport
of snoRNP to nucleoli [59,72,73], which will maintain the nucleolar
RAN gradient. Paschal and colleagues have observed the breakdown of
the RAN distribution in progeria ﬁbroblasts and these changes in trans-
port may enﬂame the phenotype [57].
Despite the mislocalization of lamin B1 and the dispersion FG Nups,
NE rim staining by Lap2β reveals an intact NE showing that lamin B1
and NPC are speciﬁcally affected in these knockouts. Lap2β serves as
the best control for nuclear rim staining and remains constant despite
its known interaction with lamin B1 [55]. The data reported here
provide support for the linkage of inner to outer compartments of the
nucleus. Several INM proteins, Heh1, Man1, Lap2β and Emerin, have
been connected to rDNA of the nucleolus [4,74–78]. We found changes
in the forms of lamin B1 in all knockout cell lines byWestern blot anal-
ysis as observed byDal Pra and colleagues in polyomavirus-transformed
rat ﬁbroblasts and HPV-transformed human cervical carcinoma cells
[33–35]. In knockout DT40 cells, three separate bands are observed
at 76, 116, and 150 kDa corresponding to mature holoprotein and
two post-translationally modiﬁed forms of the protein conceivably
ubiquitinated as previously observed in human lamin B1 (Fig. 4).
In the wild type only the holoprotein is present when normalized
to knockout cells lines. This alteration in processing is unexpected
in WRN/WHIP mutants. Furthermore, when targeting DNA damage
with topoisomerase inhibitors at concentrations and time points
where DNA fragmentation is known to occur in DT40 cells [27–35], we
observe the induction of lamin B1 cleavage (66 kDa) in the knockouts
(Figs. 7B–C) [31,32,60]. These may be interpreted either through the
DNA damage or caspase pathway. If these results demonstrate a connec-
tion of lamin B1 andDNAdamage, the induction of single or double stand
breaks affects the processing or the formation of the repair center possi-
bly at the NPC. Alternatively, the conceivable signaling towards apoptosisby topoisomerase inhibitors leads to increased cleavage of lamin B1 as
seen in knockout DT40 chicken cell lines (Caspase-6−/−) [31,32]. This
cleavage of lamin B1 can be seen after staurosporine treatment inducing
caspase activity [79]. Both feasible explanations would reﬂect a
nucleoskeleton breakdown within the knockout cell lines.
Overall, NDC1 association withWRN reveals further changes in NPC
composition, RAN gradient and lamin B1. If we view the NPC as a repair
center at the nuclear periphery, then it may recruit stressed DNA. This
broken DNA together with repair factors may activate a unique local
repair process. These results suggest that the interacting components
have additional functions that remain to be further elucidated and
determine where the pathways may intersect. We ﬁnd this most
intriguing, as the accumulation of DNA damage is believed to be a major
cause of aging but as demonstrated by our data that one event affects
multiple pathways in the nucleus.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2013.09.003.Acknowledgements
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